Abstract 5-Hydroxymethylfurfural (5-HMF) is one of the most important platform intermediates for the future synthesis of liquid transportation biofuel and other valuable compounds. This study aimed to identify ionic liquids that can convert wood into 5-HMF without catalysts. Glucose was converted into 5-HMF without catalysts in ionic liquids that contain sulfonyl groups, such as 1-ethyl-3-methylimidazolium hydrogensulfate ([EMIM]HSO 4 ) and 1-ethyl-3-methylimidazolium q-toluenesulfonate ([EMIM]Tos). However, [EMIM]Tos produced less 5-HMF from cellulose and wood, compared with [EMIM]HSO 4 . This is due to the difference of ability to decompose cellulose and wood between these ionic liquids. Consequently, among various ionic liquids studied, [EMIM]HSO 4 achieved the highest yield of 5-HMF from wood and cellulose at 4.5 and 10.2 wt% yields, respectively, after 10 h at 140°C.
Introduction
In recent years, biomass has attracted attention as a raw material for the production of liquid fuels and fine chemicals, because fossil resources are in danger of running out [1] . Crops, such as corn and sugarcane, have been transformed into liquid fuels, such as ethanol. However, the use of edible biomass can lead to soaring prices and global scarcity of food [2] . Thus, the use of inedible biomass, such as wood, should be promoted for the production of liquid fuels and fine chemicals [3, 4] . However, it is difficult to convert wood into such products inexpensively [5] . Among the various chemicals that can be produced from wood, 5-hydroxymethylfurfural (5-HMF) is an important platform intermediate for synthesizing liquid transportation biofuels and other valuable compounds [6] [7] [8] . However, 5-HMF is not yet produced on an industrial scale mainly because of its high production cost [9, 10] . To overcome this problem, ionic liquid technology has attracted significant attention.
Ionic liquids are organic salts that are composed of cations and anions that give melting points near ambient temperature. They are thermally stable and have low vapor pressures, low toxicities, and extensive solvation capabilities [11] . Because some ionic liquids can dissolve the major wood components, cellulose, hemicellulose, or lignin, it is suggested that they can be used in biorefineries or chemical processing of wood [12] [13] [14] [15] . In particular, their solvation capabilities can be applied to the production of 5-HMF from wood and its components.
Zhao et al. [16] studied reaction systems using the ionic liquid 1-ethyl-3-methylimidazolium chloride ([EMIM]Cl), with chromium (II) chloride (CrCl 2 ) as a catalyst. This system enabled the conversion of glucose into 5-HMF with yields of 70 mol%, and their results have encouraged conversion of disaccharides, cellulose, and lignocellulosics to 5-HMF in ionic liquids [17] [18] [19] [20] [21] [22] . These studies suggest that 5-HMF can be produced from lignocellulosics without requiring preprocessing steps, such as delignification and hydrolysis.
In the reports described above, however, production of 5-HMF from biomass in ionic liquids has included the use of catalysts [23] . In such reaction system, production of 5-HMF is mainly due to the catalysts, and ionic liquids are thought to be a solvent. Our previous study revealed that some ionic liquids are multifunctional reagent to dissolve and decompose cellulose. In this study, therefore, we studied the formation of 5-HMF from Japanese cedar (Cryptomeria japonica) in various ionic liquids without the use of catalyst to clarify their potential to produce 5-HMF from lignocellulosics. In particular, the reactions of cellulose and glucose were investigated. Table 1 lists the ionic liquids that were used in this study. 5-HMF, glucose, fructose, cellobiose, cellotriose, levoglucosan, 1,6-anhydro-b-D-glucofuranose (AGF), acetonitrile, sodium sulfate, and acetic acid were purchased from Wako Pure Chemical Industries (Osaka, Japan). N,OBis(trimethylsilyl)trifluoroacetamide (BSTFA) and dehydrated dimethyl sulfoxide were purchased from SigmaAldrich (St Louis, MO, USA). Sodium chlorite and pyridine were purchased from Kanto Chemicals (Tokyo, Japan). Cellulose sample (Whatman CF1) was dried in an oven at 105°C for 24 h before use. Wood flours from Japanese cedar (C. japonica) (90-180 lm) were extracted Manuf manufacturer, TCI Tokyo Kasei Kogyo with ethanol/benzene (1/2, v/v) for 24 h in a Soxhlet apparatus. The extractive-free wood flour was oven-dried at 105°C for 24 h before use.
Materials and methods

Samples and chemicals
Treatment with ionic liquids
In a typical experiment, 3 g of ionic liquid was heated at 120°C. A 0.09 g portion of sample (wood flours, cellulose, cellobiose, and glucose) was then added to the ionic liquid, and the reaction media gently stirred. Zero hour of treatment was defined as the time the sample was added to the ionic liquid.
Evaluation method
The products from samples treated by ionic liquids were analyzed by high-performance liquid chromatography (HPLC). HPLC was carried out on a Shimadzu Prominence (Shimadzu, Kyoto, Japan) equipped with a pump (LC-20AD), a column oven (CTO-20A), a refractive index detector (RID-10A), and an ultraviolet-visible detector (SPD-M20A). The samples for this analysis were prepared as follows: 40 lL of the reaction medium was mixed with 360 lL of distilled water and then filtered through a 0.45-lm filter. The filtrates were analyzed under the following conditions: column, Shodex Sugar KS-801 (Showa Denko, Tokyo, Japan); flow rate, 1 mL/min; eluent, ultrapure water; column temperature, 80°C; and detector, refractive index detector and ultraviolet-visible detector set at 280 nm. The yield (wt%) of products was calculated using the following equation:
Yield wt% ð Þ¼ weight of product/weight of charged sample ð Þ Â 100:
The yield (mol%) of product was calculated using the following equation: The moles of hexose units in Japanese cedar were determined as follows. The Japanese cedar was added to distilled water, and sodium chlorite was added to give a final concentration of 0.09 M, along with a small quantity of acetic acid. The obtained reaction mixture was heated at 80°C, and further sodium chlorite and acetic acid were added to the reaction mixture every hour for 4 h. The mixture was then filtered, to recover the holocellulose residue, which was then oven-dried at 105°C for 24 h and weighed. The moles of hexose units were calculated on the basis of holocellulose recovered and the reported component ratio of hexose and pentose in Japanese cedar [24] .
The monosaccharides in ionic liquid were analyzed by a Shimadzu GC-2014 gas chromatography (GC), with samples prepared as follows. The reaction medium (20 lL) was homogeneously mixed with 200 lL of acetonitrile and 20 lL of pyridine. After drying with sodium sulfate, the obtained mixture was filtered using a 0.45-lm filter. The filtrate (150 lL) was silylated at room temperature by mixing with 100 lL of BSTFA. The silylated sample was then analyzed by GC using an InertCap 17 capillary column (GL Sciences, Tokyo, Japan). The temperature program was 60°C (0 ? 1 min); 60 ? 250°C (1 ? 10.5 min); and 250°C (10.5 ? 40 min). Helium was used as the carrier gas at a flow rate of 1.0 mL/min. The temperatures of flame ionization detector and injector were 250 and 230°C, respectively.
Samples of Japanese cedar treated in ionic liquids were examined by light microscopy (BH-2, OLYMPUS, Tokyo, Japan) to investigate the reactivity of wood samples.
Results and discussion
Prior to studying the conversion of wood or cellulose into 5-HMF in various ionic liquids without a catalyst, we investigated the conversion of glucose, which is a constituent of cellulose. HPLC chromatograms of glucose treated in [P 4442 shown in Fig. 1 . Various compounds were detected, including 5-HMF, levoglucosan, and AGF as decomposition products. In addition, disaccharides were formed in [EMIM]Cl. In a previous study, Ohno and Miyafuji [25] showed that glucose is polymerized to disaccharides, such as maltose, nigerose, gentiobiose, and isomaltose in [EMIM]Cl. These disaccharides are thought to comprise the broad peak seen in the chromatogram in Fig. 1 . On the other hand, monosaccharides other than glucose, which are referred to as ''other monosaccharides'' (OMS), were formed in [P 4442 ]DEP. GC analysis on OMS revealed the production of fructose. Therefore, it is possible that glucose was isomerized to fructose in ionic liquids. [DMIM]DMP 4.8 [MPPyr]PF 6 n.d. show that glucose was sparingly converted into the various chemicals listed in Table 2 Fig. 3a . At 100 and 120°C, the yields increased slightly from 1.2 to 2.5 wt%, respectively, with prolonged reaction time. 5-HMF was also found to be effectively produced from cellulose in [EMIM]HSO 4 at 140°C but was not produced in significant quantities in [EMIM]Tos at any reaction temperature, as shown in Fig. 3b . Figure 4 shows Fig. 4a . However, the yields were 8.6 wt% after 48 h at 100°C and 7.8 wt% after 10 h at 120°C, respectively. Thus, although glucose can be converted into 5-HMF in [EMIM]HSO 4 at all reaction temperatures, yields can be increased with higher reaction temperatures and shorter reaction times. It was also found that the yield decreased more quickly at higher reaction temperature, because 5-HMF in [EMIM]HSO 4 is thought to be unstable and decomposes easily as the reaction temperature increases. Meanwhile, the yield of 5-HMF from glucose in [EMIM]Tos reached a maximum of 9.8 wt% through treatment for 36 h at 100°C, as shown in Fig. 4b . At 120 and 140°C, the maximum yields were 7.3 and 6.7 wt%, respectively. 5-HMF was formed at all reaction temperatures when glucose was treated in [EMIM]Tos, but it readily decomposes as the reaction temperature increases.
These results show that wood and cellulose are only slightly converted into 5-HMF in [EMIM]Tos, although glucose can be converted. Previous studies reported that wood is converted into 5-HMF through hexoses, such as 4 . These results suggest that 5-HMF is difficult to produce from wood using [EMIM]Tos, because it has a low ability for decomposing cellulose.
To investigate the reaction of wood in [EMIM]HSO 4 and [EMIM]Tos, wood particles samples were treated in these ionic liquids for 4 h at 120°C and examined by light microscopy, as shown in Fig. 6 . Wood particles treated with [EMIM]HSO 4 decreased in size, as shown in Fig. 6b , but those treated with [EMIM]Tos maintained their original sizes, as shown in Fig. 6c 4 was notable for its ability to convert wood and cellulose into 5-HMF at 140°C without a catalyst, probably because it has a superior ability to solubilize wood.
